Fibroblasts are the major mesenchymal cell type in connective tissue and deposit the collagen and elastic fibres of the extracellular matrix (ECM) 1 . Even within a single tissue, fibroblasts exhibit considerable functional diversity, but it is not known whether this reflects the existence of a differentiation hierarchy or is a response to different environmental factors. Here we show, using transplantation assays and lineage tracing in mice, that the fibroblasts of skin connective tissue arise from two distinct lineages. One forms the upper dermis, including the dermal papilla that regulates hair growth and the arrector pili muscle, which controls piloerection. The other forms the lower dermis, including the reticular fibroblasts that synthesize the bulk of the fibrillar ECM, and the preadipocytes and adipocytes of the hypodermis. The upper lineage is required for hair follicle formation. In wounded adult skin, the initial wave of dermal repair is mediated by the lower lineage and upper dermal fibroblasts are recruited only during re-epithelialization. Epidermal b-catenin activation stimulates the expansion of the upper dermal lineage, rendering wounds permissive for hair follicle formation. Our findings explain why wounding is linked to formation of ECMrich scar tissue that lacks hair follicles 2-4 . They also form a platform for discovering fibroblast lineages in other tissues and for examining fibroblast changes in ageing and disease.
Fibroblasts are the major mesenchymal cell type in connective tissue and deposit the collagen and elastic fibres of the extracellular matrix (ECM) 1 . Even within a single tissue, fibroblasts exhibit considerable functional diversity, but it is not known whether this reflects the existence of a differentiation hierarchy or is a response to different environmental factors. Here we show, using transplantation assays and lineage tracing in mice, that the fibroblasts of skin connective tissue arise from two distinct lineages. One forms the upper dermis, including the dermal papilla that regulates hair growth and the arrector pili muscle, which controls piloerection. The other forms the lower dermis, including the reticular fibroblasts that synthesize the bulk of the fibrillar ECM, and the preadipocytes and adipocytes of the hypodermis. The upper lineage is required for hair follicle formation. In wounded adult skin, the initial wave of dermal repair is mediated by the lower lineage and upper dermal fibroblasts are recruited only during re-epithelialization. Epidermal b-catenin activation stimulates the expansion of the upper dermal lineage, rendering wounds permissive for hair follicle formation. Our findings explain why wounding is linked to formation of ECMrich scar tissue that lacks hair follicles [2] [3] [4] . They also form a platform for discovering fibroblast lineages in other tissues and for examining fibroblast changes in ageing and disease.
At embryonic day (E)12.5 mouse epidermis comprises one or two cell layers and the dermis appears homogeneous in composition ( Fig. 1a ) 5 . By E18.5 the epidermis is fully stratified, contains hair follicles, each with an associated dermal papilla, and is in the process of forming an upper (papillary) dermis that is distinguishable from the lower (reticular) dermis because of its higher cellular density (Fig. 1a ). By postnatal day (P)2 the hypodermis has formed, comprising differentiated adipocytes and preadipocytes ( Fig. 1a ). We identified markers of different fibroblast subpopulations at each developmental stage, on the basis of previous studies 6, 7 and the availability of antibodies for live cell sorting.
The pan-fibroblast marker platelet-derived growth factor receptor-a (Pdgfr-a) is expressed in both the upper and lower dermis at all stages of development ( Fig. 1b) 8 . By contrast, there were temporal and spatial changes in the expression of 18 other fibroblast markers (Fig. 1b , c and Extended Data Figs 1-3). From E16.5, CD26 (also known as Dpp4) and B-lymphocyte-induced maturation protein 1 (Blimp1, also known as Prdm1) were selectively expressed in the upper dermis, whereas Sca1 (also known as Ly6a) was selectively expressed in the lower dermis. Delta-like homologue 1 (Dlk1) and leucine-rich repeats and immunoglobulin-like domains protein 1 (Lrig1) were expressed throughout the dermis at E12.5, with Dlk1 expression persisting in the lower dermis *These authors contributed equally to this work. 1 from E18.5 and Lrig1 expression persisting in the upper dermis. The changes in abundance of CD26 1 , Sca1 1 and Dlk1 1 cells were confirmed by flow cytometry of green fluorescent protein (GFP) 1 dermal cells from Pdgfr-a-H2B-eGFP mice 8 (in which enhanced GFP (eGFP) is fused to histone H2B) (Extended Data Fig. 3 ). Several of the markers were also differentially expressed in neonatal human skin (Extended Data Fig. 4 ).
To evaluate the differentiation potential of different dermal fibroblasts ( Fig. 2a ), cells were flow sorted from P2 Pdgfr-a-H2B-eGFP dermis 8 (Extended Data Fig. 5c -e), combined with unlabelled epidermal and dermal cells and injected into chambers implanted into nude BALB/c mice 9 . Papillary dermal cells (CD26 1 Sca1 2 ) contributed exclusively to the upper dermis ( Fig. 2b-d and Extended Data Fig. 6a ), including the dermal papilla and arrector pili muscle (APM) ( Fig. 2e , f). Hypodermal fibroblasts (Dlk1 1 Sca1 1 and Dlk1 2 Sca1 1 ) differentiated into adipocytes but not into APM or dermal papilla ( Fig. 2b-d and Extended Data Fig. 6c, d ). Dlk1 1 Sca1 2 cells, located primarily at the boundary between the reticular dermis and hypodermis (Extended Data Fig. 5a, b ), contributed to all dermal mesenchymal compartments ( Fig. 2b-d and Extended Data Fig. 6b ). However, although we cannot rule out the existence of multipotent fibroblasts in adult skin, Dlk1 1 Sca1 2 cells did not persist after P10, when Dlk1 was no longer expressed in the dermis (Extended Data Fig. 4d and data not shown).
The number of hair follicles was higher in grafts containing upper dermal (CD26 1 Sca1 2 ) cells than Dlk1 2 Sca1 1 hypodermal cells (Extended Data Fig. 6e -i). Dlk1 2 Sca1 1 cells are a subpopulation of Lin 2 CD34 1 CD29 1 Sca1 1 adipocyte precursors, which also express Pdgfr-a (Extended Data Fig. 5f -i) 10 . To establish whether hypodermal cells were less effective at supporting hair follicle formation we compared control grafts containing unfractionated P2 Pdgfr-a-H2B-eGFP 1 cells with grafts in which we excluded papillary/reticular cells (CD26 1 , Dlk1 1 and Sca1 2 cells depleted) or reticular/hypodermal cells (Dlk1 1/2 Sca1 1 cells depleted) ( Fig. 2g -k and Extended Data Fig. 6j -l). As CD26, Dlk1 and Sca1 are not expressed in the dermal papilla at this stage (data not shown) all grafts contained dermal papilla cells. The contribution of GFP 1 cells to the grafts was extensive in all cases ( Fig. 2i ). Hair follicle formation was similar in the grafts of unfractionated dermal cells and those depleted of reticular and hypodermal cells. By contrast, when the papillary and reticular dermal cells were excluded very few hair follicles formed ( Fig. 2h-k ). Thus P2 skin contains cells that are restricted to forming either the upper or lower dermal lineages on skin reconstitution, the upper dermal cells being required for hair follicle formation.
We next performed lineage tracing with specific promoters. We crossed Dlk1-CreER mice with Rosa-CAG-loxP-stop-loxP (LSL)-tdTomato mice (hereafter LSL-tdTomato mice, in which tdTomato is expressed when the stop codon is removed via Cre-mediated recombination), then labelled with tamoxifen at E12.5 (when all fibroblasts are Dlk1 1 ; Fig. 1c ) or E16.5 (when only reticular fibroblasts express Dlk1; Fig. 1c ) and collected at P2 or P21 ( Fig. 3a-k) . Flow cytometry established that the labelling accuracy was over 95% (Extended Data Fig. 7a-c) . When Dlk1-expressing cells were labelled at E12.5, all of the dermal mesenchymal compartments (Pdgfr-a 1 ) were labelled ( Fig. 3a-d) . By contrast, when cells were labelled at E16.5 the only labelled fibroblasts were reticular and hypodermal cells, including mature adipocytes ( Fig. 3e-k) . 
Itga8 Itga8
Itga8 
RESEARCH LETTER
Therefore after E16.5 dermal fate restriction occurs, such that cells expressing Dlk1 only give rise to the lower dermal lineages. We confirmed this by examining adipogenesis of dermal cells in culture (Extended Data Fig. 3d -g; see Supplementary Information) 6, 11 .
We next performed lineage tracing with Blimp1-Cre. Between E16.5 and E18.5, Blimp1 was expressed in the dermal papilla, dermal sheath and papillary dermis ( Fig. 1c and Extended Data Fig. 7d , e) 12, 13 , but from P2 through adulthood dermal Blimp1 expression was confined to the dermal papilla and dermal sheath (Extended Data Fig. 7f, g) . Blimp1-expressing epidermal and endothelial cells (Extended Data Fig. 7h, i) [13] [14] [15] were excluded from analysis on the basis of co-expression of relevant markers. The fidelity of the Blimp1 promoter was established by flow sorting (Extended Data Fig. 7j, k) .
At all time points, dermal papilla and dermal sheath cells were labelled in Blimp1-Cre 3 CAG-CAT-eGFP (hereafter LSL-GFP) mice ( Fig. 3l-o) . At E16.5 the papillary dermis was unlabelled (Fig. 3l ), but at E18.5 the papillary dermis contained GFP 1 cells, consistent with the pattern of endogenous Blimp1 expression (Extended Data Fig. 7e, h) . From P14 onwards all APM were GFP 1 , and only a few GFP 1 fibroblasts remained in the papillary dermis ( Fig. 3n, o) . Thus P2 papillary dermal fibroblasts are the progenitors of the APM. Labelled papillary fibroblasts never contributed to the reticular dermis or hypodermis.
We used Lrig1 as an additional marker for lineage tracing 16 (Figs 1c, 3r-u and Extended Data Fig. 7l-q) . The specificity of the Lrig1-GFP-IRES-CreER reporter line 17 was confirmed by flow cytometry (Extended Data Fig. 7n ). P2 dermal cells from Lrig1-GFP-IRES-CreER 3 LSL-tdTomato crosses treated with tamoxifen at E16.5 expressed Pdgfr-a and CD26 but not Sca1 (Extended Data Fig. 7n-q) . At P2 labelling was restricted to the papillary dermis ( Fig. 3r and Extended Data Fig. 7m ). At P21 the APM and papillary dermis were labelled, whereas the reticular dermis and fat were unlabelled ( Fig. 3s-u) . Our data suggest that loss of papillary dermis after the first hair follicle cycle 8, 18 is due to differentiation of papillary fibroblasts into the APM, which was further confirmed by clonal analysis in Pdgfr-a-CreER 3 LSL-GFP mice (Extended Data Fig. 8 ). It is interesting that the papillary dermis is more pronounced in human skin, which has fewer hair follicles and therefore fewer APMs, than mouse skin 5 . We conclude that from E16.5 the developing dermis undergoes fate restriction such that cells in the upper dermis that express Lrig1 or Blimp1 give rise to the dermal papilla, APM and papillary fibroblasts, whereas Dlk1-positive cells in the lower dermis give rise to the reticular dermis, hypodermis and adipocyte layer (Fig. 3v, w) .
To investigate how fibroblasts of different lineages contribute to skin repair, we created full-thickness wounds in adult back skin. We ruled out any contribution of bone-marrow-derived cells to the Pdgfr-a 1 dermal compartment (Extended Data Fig. 9a-k and Supplementary  Information) . When Pdgfr-a-CreER 3 LSL-tdTomato mice that had been injected with tamoxifen at E17.5 were wounded in adulthood, we found tdTomato 1 cells throughout the repairing dermis (Extended Data Fig. 9l, n) . When we examined wound healing in Dlk1-CreER 3 LSL-tdTomato mice that had been injected with tamoxifen at E16.5 to selectively label the lower dermis (Fig. 4a-c and Extended Data Fig. 10a, b) , a large proportion of wound fibroblasts, including cells that expressed the myofibroblast marker a-smooth muscle actin 19 (Extended Data Fig. 10b ), were tdTomato 1 (Fig. 4b, c) . In adult skin of Blimp1-Cre 3 LSL-GFP mice only upper dermal fibroblasts and CD31 1 endothelial cells were GFP 1 (Fig. 4e ). Seven days after wounding no GFP 1 fibroblasts were present in the wound bed ( Fig. 4e and Extended Data Fig. 10c, d) and at day 17 GFP 1 fibroblasts were exclusively detected immediately underneath the reformed epidermis ( Fig. 4f and Extended Data Fig. 10d ).
We conclude that the first wave of dermal regeneration depends on cells of the reticular dermis and hypodermis, which are not capable of inducing hair follicles (Fig. 2i-k) 
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ECM characteristic of fibrosis 6 . The upper dermal lineage is not repopulated until re-epithelialization and contributes exclusively to the papillary dermis. This explains both the rapid reconstitution of the skin adipocyte layer after wounding 19 and the absence of hair follicles in newly closed wounds 20 . Sustained activation of the canonical Wnt pathway in adult epidermis induces growth of existing hair follicles (anagen), formation of new hair follicles 21, 22 , fibroblast proliferation and dermal ECM remodelling 8 . To examine the impact on the different dermal lineages we used K14DNb-cateninER transgenic mice. One application of tamoxifen induces anagen, whereas repeated applications stimulate ectopic hair follicle formation 21 . Epidermal b-catenin activation led to expansion of the upper and lower dermal compartments, the effects being more pronounced in mice that received multiple applications of tamoxifen ( Fig. 4h-k and Extended Data Fig. 10e-g) . The relative locations of the different dermal cells were unchanged (Extended Data Fig. 9o, p) . Expansion of the upper dermal lineage was evident in K14DNb-cateninER x Blimp1-Cre/LSL-GFP mice (Fig. 4g, h) . As epidermal Wnt signalling promotes hair follicle growth, the expansion of the lower dermis could explain why the skin adipocyte layer increases in thickness during anagen 22 .
To test whether epidermal b-catenin activation before wounding would promote hair follicle formation, K14DNb-cateninER/Blimp1-Cre/LSL-GFP mice were given repeated applications of tamoxifen and subsequently wounded (Fig. 4l ). This led to increased numbers of Itga8 1 and Lrig1 1 fibroblasts in the wound bed ( Fig. 4m and Extended Data Fig. 10h ), an increased number of cells marked by Blimp1-Cre (Fig. 4n ) and a pronounced stimulation of hair follicle formation ( Fig. 4o-q) . We conclude that dermal remodelling in response to epidermal b-catenin activation leads to expansion of the upper and lower dermis, the increase in the upper papillary dermis being permissive for new hair follicle formation. It will be interesting to identify the downstream signalling pathways involved, one candidate being Hedgehog 21 . Wnt signalling regulates cells of the immune system 23 and a role for infiltrating cd T cells in promoting hair follicle formation has recently been described 24 . The Wnt effector transcription factors Lef1 and Tcf3 were differentially expressed by upper and lower dermal fibroblasts (Extended Data Fig. 5d, e ), raising the intriguing possibility that different fibroblast lineages differ in their Wnt responsiveness and interactions with inflammatory cells 24 .
In conclusion, the lineage hierarchies we have described reveal the cellular origins of the heterogeneous architecture of the dermis and provide a mechanistic basis for understanding the changes that take place during repair of adult skin wounds and in response to epidermal Wnt activation. We now have the opportunity to uncover events that result in dermal lineage specification, and discover how the different lineages contribute to the changes that occur during ageing 25 and tumour formation 1 . RESEARCH LETTER
